The purpose of this study was to investigate the effects of pressure-induced left ventricular hypertrophy on the coronary circulation. Hypertrophy was induced by single-kidney renal vascular hypertension in 12 dogs. Ventricular mass in the dogs with hypertrophy was about 50% greater than in 11 controls. A third group of six dogs, with a similar amount of left ventricular hypertrophy but normal blood pressure after repair of the renal artery stenosis, also was studied. Total and regional myocardial blood flow was measured with radioactive microspheres at rest, during pacing at a rate of 200 (in the control and hypertensive dogs), and during maximal vasodilation induced with adenosine (4.7 juM/kg x min). Results were as follows. (1) Regional distribution of coronary flow was normal at rest in dogs with hypertension and left ventricular hypertrophy and in dogs with hypertrophy alone. (2) Pacing caused at 16% decrease in the endocardial-epicardial perfusion ratio only in the hypertrophied ventricles of the hypertensive dogs. (3) During maximal coronary vasodilation, the coronary vascular resistance of the entire left ventricle was no different among the three groups: the controls, the hypertensive dogs with left ventricular hypertrophy, and the normotensive dogs with left ventricular hypertrophy (0.14 ± 0.02 SEM, 0.16 ± 0.02, and 0.14 ± 0.02 mm Hg/ml x min, respectively). The use of the minimal coronary vascular resistance measured during maximal vasodilation as an index of the functional cross-sectional area of the coronary bed suggests that the cross-sectional area does not increase with hypertrophy. This failure of the cross-sectional area of the coronary bed to increase commensurate with the degree of hypertrophy is due to an anatomical or architectural alteration of the relationship between the coronary bed and the cardiac muscle and is not due to a functional alteration caused by hypertension alone. Thus, the hypertrophied ventricle may be at greater risk of ischemic injury.
CLINICAL SUSPICION of inadequate myocardial perfusion due to pressure-induced hypertrophy of the left ventricle has existed for many years.'" 4 Although several investigators have found that blood flow per unit mass of the myocardium of hypertrophied ventricles is normal, 5 " 8 the decreases in capillary density described in hypertrophied myocardium 9 ''" and preliminary reports suggesting relative endocardial hypoperfusion"' 12 imply that the regional distribution of coronary flow may be abnormal in hypertrophied ventricles and that such ventricles might be at increased risk for ischemic injury. To study possible physiological limitations of the coronary circulation in pressure-induced hypertrophy, we produced single-kidney renal vascular hypertension in mongrel dogs. After left ventricular hypertrophy developed, we assessed regional myocardial perfusion at rest, during pacing, and during maximal vasodilation produced by an iv adenosine infusion. We also studied another group of dogs at rest and during adenosine infusion which had ventricular hypertrophy induced in the same manner but were rendered normotensive by repair of the renal artery stenosis. In this manner we were able to isolate the effects of hypertrophy from those of hypertension with respect to myocardial perfusion.
Methods

Preparation of the Dogs
Twenty-four male mongrel dogs weighing 18-31 kg were made hypertensive. This was accomplished by an operation during which the animals were anesthetized with sodium pentobarbital (30 mg/kg, iv). Ventilation was maintained with a Harvard respirator. Bilateral flank incisions were made and, on one side, a nephrectomy was done while, on the contralateral side, a clamp such as that described by Ferrario, 13 was placed around the renal artery. While renal blood flow was measured with an electromagnetic flow transducer, the clamp was tightened to a point at which resting renal artery flow was marginally compromised and then was released slightly to allow the control level of blood flow, but no more.
Five to 6 weeks after this operation, the dogs underwent a second surgical procedure under sodium pentobarbital anesthesia (30 mg/kg, iv) in which cannulas were placed in the aorta through the internal thoracic artery and the left atrium through its appendage. Pacing leads were attached to the left ventricle in eight of the dogs. The cannulas and wires were tunneled subcutaneously and exteriorized dorsally in a skin button. The 12 control dogs had the thoracic operation but not the renal surgery. Six hypertensive dogs had a third operation within 1 week of the thoracic operation. Prior to this operation, their blood pressures were measured to make certain that they were VOL. 42, No. 4, APRIL 1978 hypertensive. They were again anesthetized with sodium pentobarbital and a flank incision was made on the side of their remaining kidney. The renal artery was isolated, the clamp was removed, and the stenotic section of the renal artery was excised. The vessel was repaired with an endto-end anastomosis.
Measurement of Myocardial Perfusion
Myocardial perfusion was measured with carbonized microspheres (7-10 /urn in diameter) and labeled with 4li Sc, 85 Sr, 95 Nb, or m Ce. Because of the availability of appropriately labeled microspheres, in eight of the hypertensive and seven of the control dogs, the injection during resting conditions was made with 15 /am microspheres labeled with 125 I. For each flow determination, between 3.5 x 10" and 5.5 x 10 6 microspheres suspended in less than 2 ml of saline were injected over a 10-second period into the left atrium, and the cannula was immediately flushed with 5 ml of saline. Starting 1 minute before injection and continuing until 2 minutes after injection, blood was withdrawn at a rate of 2.06 ml/min with a Harvard pump from the arterial cannula. Prior to injection, the vial containing the microspheres and 1 drop of Tween-80 was vigorously agitated mechanically for at least 4 minutes. Microscopic examination of spheres dispersed in this manner showed that in excess of 98% of the spheres were completely dispersed. After completion of this study, the heart was excised and the free wall of the right ventricle, the left atrium, the great vessels, valves, surface vessels, and epicardial fat were removed. We used the posterior descending artery as a starting point and divided the left ventricle into four levels of eight segments each. Each segment then was divided into three layers -epicardium, midwall, and endocardium. The thicknesses of these layers were approximately equal. To determine whether there was heterogeneity of flow within the endocardial third of the ventricular wall, these segments were, in turn, divided into outer, middle, and inner thirds in 7 control dogs and 10 hypertensive dogs with hypertrophy. The paillary muscles were sectioned into their proximal and distal halves. The relative geometric position of each segment was constant from dog to dog. 14 The myocardial segments were weighed to the nearest milligram, placed in plastic tubes, and counted for 4 minutes in a 3-inch well-type sodium iodide y scintillation counter. Reference blood samples were divided so that their counting geometry was similar to that of the myocardial samples. Standard techniques 15 were used for isotope separation.
Myocardial perfusion was calculated, using the formula: MP = Q, x 100 x BF r in which MP = myocardial perfusion (ml/min x 100 g), Qn = counts/g of myocardium, BF r = reference blood flow (the rate of withdrawal from the reference artery), and C r = the total counts in the reference blood. 14 Total left ventricular perfusion was calculated by multiplying the normalized blood flow by the mass in grams of the left ventricle and dividing by 100. Coronary vascular resistance was calculated in two ways. The normalized coro-nary vascular resistance was calculated by dividing the mean aortic pressure by the coronary flow/100 g (ml/min x 100 g), and the resistance of the whole left ventricle was calculated by dividing the mean aortic pressure by the total left ventricular coronary flow (ml/min).
Protocol and Hemodynamic Measurements
One week to 10 days after the thoracic operation, the dogs were returned to the laboratory for study. They had recovered from their previous surgical procedures, were not anemic, and were free of infection. To avoid possible artifacts induced by anesthesia and acute surgical trauma, the dogs were studied in the unanesthetized state. They were given 6-15 mg of morphine, iv while being readied for the experiment. The morphine was given 60-90 minutes before the first measurement, of regional blood flow. During the experiment, they stood quietly in a harness.
Aortic and left ventricular pressures were monitored with Statham p23AA and p23BB pressure transducers placed at midchest level. The electrocardiogram was monitored continuously. The pressure tracings and the electrocardiogram were recorded on a direct-writing oscillographic recorder. Venous blood was taken for determination of hemoglobin and creatinine levels.
When the dogs appeared to be accustomed to the laboratory setting, baseline hemodynamic parameters were measured. To measure regional myocardial perfusion, an injection of radioactively labeled microspheres was made in the left atrium. In the eight hypertensive and eight control dogs in which they were implanted, the pacing electrodes were attached to a Grass stimulator. The hearts were paced a rate of about 200 beats/min. Pacing at higher rates usually caused ventricular alternans. When the hemodynamic parameters and the electrocardiogram had stabilized for at least 3 minutes of pacing, a second batch of radioactively labeled microspheres was injected into the left atrium to measure regional myocardial perfusion during pacing. Pacing was continued for 4 minutes after the injection of microspheres.
After pacing, the hemodynamic parameters were allowed to return to baseline levels. In 9 of the control dogs, 11 of the hypertensive dogs, and in all 6 of the normotensive dogs with left ventricular hypertrophy, an infusion of adenosine was begun. The adenosine was administered, iv, at a dose rate of 4.7 /*M/kg x min with a Harvard infusion pump. This dose was chosen after preliminary studies indicated that higher doses produced no further coronary vasodilation.* At the onset of the adenosine infusion, the blood pressure decreased and the heart rate increased. When these hemodynamic parameters had stabilized at new levels, a batch of microspheres with a third radioactive label was injected through the left atrial cannula. The adenosine infusion was continued for 4 minutes after the microspheres were injected.
The dogs undergoing renal artery repair were studied 3-6 days after reanastomosis of the renal artery. Blood * Myocardial perfusion (ml/min X 100 g) for six control dogs was 545 ± 78 SEM at an adenosine dose of 4.7 /xM/kg x min and 476 ± 20 at 6.0 /iM/kg x min. The perfusion in five hypertensive dogs with hypertrophy was 512 ± 67 and 519 ± 59 for the lower and higher doses, respectively. pressure was measured daily from the 3rd day, and when it had fallen such that the mean arterial pressure was less than 105 mm Hg, the myocardial perfusion was measured at rest and during adenosine infusion, as outlined above. All studies were carried out within 5 days of renal artery repair.
At the conclusion of the experiment, the dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv) and killed with potassium chloride. The chest was opened and the heart was removed. The heart was considered to be hypertrophied if the mass of the trimmed left ventricle was greater than 5.0 g/kg of the body mass of the dogs prior to any operative procedure. Six hypertensive dogs with lesser degrees of left ventricular hypertrophy were excluded from the study.
Statistical Analysis
Student's /-test for paired and unpaired data or analysis of variance was used where appropriate to assess the statistical significance of the observed differences. Results are expressed as the mean ± 1 SEM.
Results
Baseline Characteristics
The left ventricular mass/kg body mass was 4.1 ± 0.1 g/ kg in the controls, 6.1 ± 0.2 in the hypertensive dogs with left ventricular hypertrophy, and 5.6 ± 0.2 in the normotensive dogs with left ventricular hypertrophy. At the 95% probability level, there was a statistical difference between the control group and the two groups with left ventricular hypertrophy. The two groups with hypertrophy also were statistically different from each other (P < 0.05). The dogs were not anemic. The hemoglobin concentration in g/dl was 13.8 ± 0.7 for the control group, 12.6 ± 0.5 for the hypertensive dogs with left ventricular hypertrophy, and 13.3 ± 1.8 for the normotensive dogs with hypertrophy. Renal function was mildly impaired in the hypertensive dogs. Creatinine levels in mg/dl were 0.8 ± 0.5 for the control group, 1.2 ± 0.08 for the hypertensive dogs with left ventricular hypertrophy, and 0.9 ± 0.1 for the normotensive group with left ventricular hypertrophy. The highest creatinine in any of the dogs was 1.8 mg/ dl.
The hemodynamic measurements are presented in Table 1A . The resting heart rates for all three groups were less than 100 beats/min, and the left atrial pressures were normal. Mean aortic pressures in the hypertensive group were increased by about 50% compared to controls. The mean aortic pressures of the dogs with the renal artery repaired were significantly lower than pressures of the hypertensive dogs and were not statistically different at the 95% probability level from those of the control dogs. The mean aortic pressure in these dogs before renal artery repair was 138 ± 5 mm Hg.
There was no significant difference among the three groups in left ventricular perfusion expressed as ml/min x 100 g under resting conditions. Total myocardial perfusion, due to the greater ventricular mass, was higher in the two groups with left ventricular hypertrophy, but this difference did not reach statistical significance at the 95% probability level. This was probably due to the variability in the data occasioned by the variability of the left ventricular mass of the dogs which were of different sizes. The endocardial-epicardial perfusion ratios were similar in the three groups. When perfusion distribution was examined in small regions of the ventricle in terms of percent of the total left ventricular blood flow, there was no difference among the three groups in any of these regions (Fig. 1 ).
In the most critical of these regional comparisons, the relative proportion of flow to the endocardium did not diminish with increasing ventricular mass (Fig. 2) . Because the endocardial third of the hypertrophied ventricles was relatively thicker than that of the controls, we divided the subendocardial third of the left ventricular wall in turn into inner, middle, and outer thirds and the papillary muscles into proximal and distal halves in 7 control and 10 hypertensive dogs. The subendocardial third of both groups was perfused homogenously ( Table 2) , and therefore, considering the relatively thicker subendocardial third of the hypertrophied ventricles as a unit did not mask a potential relative hypoperfusion of a smaller segment of the subendocardium. The coronary vascular resistance/100 g of left ventricle was higher in the hypertensive dogs but was approximately the same in the controls and the normotensive dogs with left ventricular hypertrophy. The coronary vascular resistance of the total left ventricle, however, was not different among the three groups at rest.
Measurements during Pacing (Table 1)
Rapid ventricular pacing did not significantly change mean aortic pressure or left atrial pressure in the control or hypertensive dogs (Table 1A) . Pacing did, however, increase myocardial perfusion but there was no significant difference in the perfusion/100 g of myocardium between the ventricles of the hypertensive and control dogs. The endocardial-epicardial perfusion ratio was not significantly different between the two experimental groups although it was lower in the hypertensive dogs. A paired comparison of the endocardial-epicardial ratio (rest vs. pacing) indicated that in the hypertensive dogs there was a small but statistically significant decrease (P < 0.05) in the proportion of flow to the endocardium, whereas in the controls the endocardial-epicardial perfusion ratio was unchanged. Coronary vascular resistance/100 g of left ventricle remained elevated in the hypertensive dogs compared to the controls during pacing, but the resistance calculated for the total coronary bed was not significantly different between the two groups. In the control dogs, the endocar- dial coronary vascular resistance/100 g was 0.87 ± 0.08 at rest and 0.57 ± 0.07 during pacing, and the epicardial resistance was 1.03 ± 0.12 at rest and 0.70 ± 0 . 1 2 with pacing. The resistance at rest and during pacing was 1.48 ± 0 . 1 5 and 0.96 ± 0 . 1 0 for the endocardial layer of the hypertensive dogs with left ventricular hypertrophy. For the epicardial layer in the hypertensive dogs, the resistance values were 2.10 ± 0.23 and 1.13 ± 0.13 at rest and during pacing, respectively.
Measurements during Adenosine Infusion (Table 1)
Mean arterial pressure compared to resting levels dropped significantly in all three groups of dogs, although mean blood pressure remained higher in the hypertensive group. The heart rate was significantly increased during adenosine infusion in all three groups, but there was no important change in the left atrial pressure. Blood flow to the ventricles of all three groups increased five to six times the resting level. There were no significant differences among the three groups in the endocardial-epicardial perfusion ratios; in each group the ratio was approximately one during adenosine infusion. When we examined perfusion to small areas of the ventricle (similar to the comparisons found in Figure 1 and Table 2 ), there were no differences among the three groups. During adenosine infusion, the coronary vascular resistance/100 g dropped considerably. However, the resistance/100 g in the hypertensive dogs was still about 75% above the controls and the normotensive dogs with left ventricular hypertrophy. The coronary vascular resistance for the total left ventricular coronary bed was not different among the three groups during maximal vasodilation.
Discussion
The major contributions of this study are these findings:
(1) at rest, the regional distribution of the myocardial blood flow in the pressure-hypertrophied ventricles that we studied is normal; (2) during pacing, there is a small decrease in the relative proportion of blood flow to the endocardium in the hypertrophied ventricles of the hypertensive dogs; and (3) the functional cross-sectional area of the coronary bed, as estimated by the coronary vascular resistance during maximal coronary vasodilation, does not increase proportionately with the degree of hypertrophy.
The advantages in the design of this study are several. The study was conducted in unanesthetized dogs to avoid the effects of anesthesia and acute surgical trauma. Renal hypertension was used to induce hypertrophy because hypertension is the most common cause of clinical left ventricular hypertrophy. 16 The degree of hypertrophy produced over the experimental period was considerable; ventricular mass was increased by about 50% on the average, and up to 100% in an occasional dog. Both total and regional coronary perfusion were measured at rest, during the stress of pacing, and during maximal coronary vasodilation. The effects of hypertrophy and of hypertension were separated by the repair of the stenotic renal artery in six dogs and their subsequent return to the normotensive state.
There are several potential disadvantages of the experimental design. First, morphine was given in doses of 0.25-0.30 mg/kg to calm the dogs. The morphine probably did not significantly affect coronary vascular resistance because the dose was relatively small and its effect was largely dissipated before the measurements of blood flow were made. 17 Second, the criterion used to define left ventricular hypertrophy was a ratio of left ventricular weight to body weight (>5.0 g/kg). Because the hypertensive dogs had one more surgical procedure than the control dogs, greater weight loss in this group (1-2 kg) could have caused a systematic error in the estimation of the degree of left ventricular hypertrophy. To avoid this, the weight of the dog prior to any operative procedure was used to normalize left ventricular mass. Third, we used microspheres of two sizes (15 /xm and 7-10 /am). Utley et al. 18 studied the effects of microspheres of different sizes on regional blood flow measurements and found that 15-/u.m microspheres overestimated relative endocardial flow by 2% when compared to 7-to 10-/xm microspheres. In our hypertensive group, comparing endocardial-epicardial flow ratios, the relative endocardial flow at rest was 16% greater than the endocardial flow during pacing. Since this difference is comparatively large and was not observed in the control dogs, even though VOL. 42, No. 4, APRIL 1978 they also were studied in the same way with spheres of two different sizes, it is unlikely that the use of spheres of different sizes accounts for the relative decrease in endocardial flow with pacing in the group with left ventricular hypertrophy and hypertension. Fourth, the interpretation of some of the results of this experiment is dependent upon the ability of the dose of adenosine we used to dilate the coronary bed maximally. We tested this in preliminary experiments in both control dogs and dogs with left ventricular hypertrophy and found that larger doses of adenosine did not cause a further decrease in coronary flow or a further decrease in coronary vascular resistance. In addition, Cobb et al. 19 also found that a similar dose of adenosine (4.0 ^.M/kg x min, iv) caused maximal coronary vasodilation. Fifth, there was a significant difference in the weight of the left ventricles normalized for body mass in the hypertensive group compared to the normotensive dogs with hypertrophy. It is possible that some regression of the hypertrophy took place in the 3-5 days between the repair of the renal artery stenosis and study of the dogs. We doubt whether this regression was significant in degree. There was no abrupt drop of blood pressure; the pressures measured on the days after arterial repair but before study were intermediate between those reported for the hypertensive and the post-repair states. Furthermore, regression of hypertrophy has been shown to be a relatively slow process. 20 -21 Thus, in the aggregate, these considerations regarding our experimental methods and design probably did not alter the results of our study significantly.
The minimal coronary vascular resistance of the entire left ventricle can be considered an index of the functional cross-sectional area of the left ventricular coronary vascular bed. If the functional cross-sectional area of the coronary bed had kept pace with the amount of hypertrophy that occurred in the left ventricle -an increase of approximately 50% in mass -we would have expected the minimal coronary vascular resistance to be approximately 30% less in the ventricles of the hypertensive dogs with left ventricular hypertrophy. There was, however, no decrease in the minimal coronary vascular resistance in this group. This failure of the minimal coronary vascular resistance to decrease commensurate with the degree of hypertrophy could occur for several reasons (Fig. 3 ). There could be an element of myogenic constriction, 22 vasoconstriction secondary to a humoral substance, 23 or an increase in intramural stress. 24 These factors are functional and presumably would be reversed by the normalization of blood pressure. The failure of the functional cross-sectional area to increase with hypertrophy also could be explained by anatomic or architectural alterations in the relationship between the coronary microvascuiature and the cardiac muscle. The altered architectural relationships could be of two types. First, during hypertrophy there might be no new growth of coronary vessels, simply the addition of greater muscle mass around an unchanged coronary bed. There is some evidence, however, that new vessels may form during the process of hypertrophy. Bishop and Melsen 25 found evidence of vascular endothelial growth in ventricles subjected to a pressure load. If one assumes that the vascular growth observed was at least, in part, new parallel vascular channels, as opposed to remodeling of existing vessels, then some neovascularization could occur in hypertrophy. Therefore, a second explanation would be that the increase in cross-sectional area caused by growth of new parallel vascular channels could be offset by the hypertrophy of vessel walls narrowing the lumen of the critical resistance vessels. Folkow et al. 26 -27 showed that such hypertrophy of the vessel wall does occur with hypertension in skeletal muscles; a similar phenomenon could occur in coronary vessels. Because the minimal coronary vascular resistance of the normotensive dogs with left ventricular hypertrophy was no different from the control or hypertensive dogs with hypertrophy, this suggests that there is an architectural explanation for the failure of the functional cross-sectional area of the coronary bed to increase commensurate with the degree of hypertrophy. The minimal coronary vascular resistance of the hypertensive group was, however, greater than that of either of the two normotensive groups, although not significantly so at the 95% probability level. It is possible that in this group there was a small functional increase in minimal coronary resistance due to hypertension (increased systolic compressive forces or a humoral vasoconstrictor) in addition to the larger structural or architectural component discussed above.
There is considerable evidence that, in normal ventricles, a greater proportion of the total vasodilatory capacity of the coronary bed is used in providing adequate flow to the subendocardial muscle at rest than to the subepicardial muscle, and that the subendocardial muscle is the portion of the left ventricle particularly at risk for ischemic injury. 2 * The subendocardial muscle of the hypertrophied left ventricle may be at even greater risk. We have shown the maximal vasodilatory capacity of the coronary bed does not increase in pressure-induced hypertrophy. Since, at rest, total and regional coronary blood flow is normal; a greater portion of the total vasodilatory reserve of the hypertrophied ventricle apparently is used to maintain adequate resting flow. With response to a given amount of stress, the vasodilatory capacity of the coronary bed, and particularly that of the endocardial muscle, would be fully expended in the hypertrophied ventricle at a point at which further vasodilatory capacity remains in the normal subendocardium. Thus, additional demands could lead to ischemia in the subendocardium of the pressure hypertrophied ventricle.
